Mycoplasmas cause slowly progressive, chronic diseases in human and animals. The mechanisms of mycoplasmal disease pathogenesis are poorly understood, and there are no effective control measures. Mycoplasma pulmonis is the etiologic agent of murine respiratory mycoplasmosis and can also cause genital disease and arthritis in rats and mice (31) . Thus, M. pulmonis can colonize a variety of epithelial surfaces. Rat isolates of M. pulmonis such as strains UAB 5782 and UAB 6510 are generally more virulent in rats than in mice (10, 11, 24) . In the mouse, UAB 5782 and UAB 6510 colonize the respiratory tract without usually causing lesions (10) . In contrast, the mouse isolate strain CT causes severe respiratory disease in the mouse (6, 7, 10, 12) . Mycoplasma factors that contribute to the host specificity of disease are unknown. A comparison of the proteins produced by 18 strains of M. pulmonis revealed mostly conserved proteins that were invariant among strains (38) . An exception was the V-1 family of surface proteins that are encoded by the vsa (variable surface antigen) genes (4, 21, 33, 35, 39) . Variation in the V-1 proteins may contribute to the host specificity of the mycoplasma and to the chronicity and severity of disease.
The chronic nature of mycoplasmal diseases indicates that mycoplasmas can adapt to the rapidly changing conditions in the host. Previous studies had shown that phenotypic variation and genetic recombination occur at high frequencies in M. pulmonis (3) . The vsa genes comprise one of the highly recombinogenic loci in this species. Recombination between vsa genes involves site-specific DNA inversions occurring at a 34-bp sequence that defines the vsa recombination site (vrs box) and results in on-off switching of the particular vsa gene that is associated with the vsa expression site (4) . The gene that is located in the vsa expression site is transcribed and translated, but all other vsa genes are transcriptionally silent and lack the vsa promoter, ribosome binding site, and first 714 nucleotides of the vsa coding region. The silent vsa genes contain the vrs box at their 5Ј end and can become expressed by site-specific recombination (DNA inversion) with the vrs box located at the expression site.
To identify differences in the vsa gene repertoire among rat and mouse isolates of M. pulmonis, the current study describes a comparison of the vsa loci of strains CT and KD735-15, a derivative of UAB 6510 (3, 4) . Eleven vsa genes including vsaA, -B, -C, -D, -E, and -F were identified in a 20-kb region of KD735-15. The vsa genes vsaA, -C, -E, -F, -G, and -H were identified in CT. Differences in the vsa repertoire (vsaB and vsaD are absent in CT whereas vsaG and vsaH are absent in KD735-15) may be significant in influencing the pathogenic specificity of the mycoplasma. From a PCR analysis of vrs box-mediated DNA recombination products from KD735-15 and CT, it is concluded that all vsa genes are capable of combining with the vsa expression site and therefore should be functional. A 6-bp sequence within the vrs box is identified as central to the recombination event, and a model for the mechanism of vrs box-mediated DNA inversion is proposed. A comparison of the nucleotide sequences of the vsa locus from a lineage of strains derived from a common ancestor revealed a deletion that may be associated with loss of virulence. The deletion occurred not in a vsa gene but in an open reading frame (ORF) that is embedded within the vsa locus and predicted to encode a membrane protein.
MATERIALS AND METHODS
Strains of M. pulmonis. Strain UAB 5782 was isolated from the lung of a rat with natural murine respiratory mycoplasmosis (40) . Strain UAB 6510 (8) was isolated from the lung of a rat that had been infected with strain UAB 5782. Two stocks of strain UAB 6510 were examined in the current study. The stock designated 6510C is of unknown virulence and was obtained in 1984 from the laboratory of G. H. Cassell. 6510C has remained unpassaged since 1984, but its passage history prior to 1984 is unknown. The other stock of UAB 6510, designated 6510-vir, is highly virulent in rats (32) and was obtained from J. W. Simecka. Strain KD735-15 was derived from 6510C by serial subcloning as described previously (3) . Strain X1048 was derived from UAB 6510 by passage through a Lewis rat and is an established rat pathogen (5) . Strain CT was isolated from mouse lung and is virulent in mice (10) . Mycoplasmas were propagated in mycoplasma broth medium consisting of 2.1% pleuropneumonia like organism broth without crystal violet (Difco Laboratories, Detroit, Mich.) supplemented with 20% whole horse serum (Gibco BRL Life Technologies, Grand Island, N.Y.), 0.5% IsoVitaleX (VWR Scientific Products), 0.02% degraded free-acid DNA (Sigma), 100 g of ampicillin per ml, and 0.5% glucose.
Library constructions. Genomic libraries of KD735-15 and CT DNA were constructed using the lambda ZAP II expression vector (Stratagene, La Jolla, Calif.). Genomic DNA was isolated as described previously (14) and partially digested with AluI. Fragments ranging from 2 to 9 kb were purified from an agarose gel and modified by incubation with EcoRI DNA methyltransferase to protect mycoplasmal DNA sequences from cleavage by the EcoRI restriction enzyme. EcoRI linkers were attached to the DNA fragments, and cohesive ends were generated by digestion with EcoRI. The DNA fragments were ligated to the ZAP II vector, and the ligation mixture was packaged in vitro to produce viable phage particles by using the Gigapack III Gold packaging extract according to the directions of the manufacturer (Stratagene). The resulting phage libraries (one library of KD735-15 DNA and another library of CT DNA) were amplified on lawns of Escherichia coli XL1-Blue MRFЈ. To generate plasmid libraries from the phage libraries, pBluescript SK(Ϫ) phagemids were excised according to Stratagene's instructions. E. coli colonies containing the plasmid libraries were scraped from agar plates and stored at Ϫ80°C in Luria-Bertani medium supplemented with 10% glycerol. The average insert size of the KD735-15 and CT DNA libraries was determined to be 3.8 and 3.5 kb, respectively.
Cloning of KD735-15 vsa gene. Several strategies were used to clone KD735-15 DNA fragments containing vsa genes (Fig. 1A) . The binding sites of several DNA fragments and oligonucleotide primers that were used as probes for cloning are provided in Fig. 1B and Table 1 . The clone BB4.7H contains the previously described plasmid pIR49 that was obtained by cloning a 4.7-kb HindIII fragment from KD735-15 that was originally detected as a restriction fragment polymorphism that was present in KD735-15 DNA but absent in DNA from the sibling strain KD735-16 (3). The absence of this 4.7-kb fragment in KD735-15 DNA was subsequently shown to be the result of an example of vrs box-mediated DNA inversion that had occurred in the KD735-16 lineage (4). The clone JG2.7H was obtained by excising from an agarose gel the previously described 2.7-kb HindIII fragment that was originally identified by Southern hybridization using pIR49 as the probe (3). This HindIII fragment was cloned into plasmid pZErO 2.1 (Invitrogen). The clone HY3.9N was obtained by excising a 3.9-kb NsiI fragment of KD735-15 DNA from an agarose gel and inserting the fragment into the NsiI site of plasmid pGEM-11Zf(ϩ) (Promega). The 3.9-kb fragment had originally been identified with the vsaE probe (Fig. 1B) . The clone HY5.7N was serendipitously isolated during the process of obtaining clone HY3.9N. The clone JG.LA2 was obtained by screening the KD735-15 genomic library with the lipA probe (Fig. 1B) . The clones JG14A, JG17A, JG2A, and JG15A were obtained by screening the KD735-15 library with the vsaE probe. The clone XJ2A was obtained by screening the genomic library with the p16 probe.
For screening, colonies from the pBluescript-based library were subjected to colony hybridization with probes derived from KD735-15 and labeled with 32 P by the random primer method (17) . The vsaE probe consisted of a PCR product obtained using primers o.9216 and o.358 (Table 1 ). The primers o.810 and LipA Rev3 were used to PCR amplify the lipA probe. PCR amplification conditions were as described previously (19) . The p16 probe corresponded to a 700-bp fragment from the left end (as oriented in Fig. 1A ) of the insert in the plasmid from clone HY3.9N and was obtained by digestion of the plasmid with BglII and NsiI.
DNA sequence analysis. Both strands of cloned DNA fragments were sequenced by the primer walking method using oligonucleotide primers synthesized by Genosys Biotechnologies, Inc., or the Oligonucleotide Synthesis Core Facility at the University of Alabama at Birmingham (UAB). Some DNA fragments were sequenced manually as described previously (4), and other fragments were sequenced by automated dye terminator methods at the Sequencing Core Facility, UAB, or the Iowa State University DNA Synthesis and Sequencing Facility, Ames. Sequence analysis was performed with MacVector, Sequencher, the University of Wisconsin Genetics Computer Group package, and PSI-BLAST (1).
Analysis of vsa gene rearrangements. A PCR strategy was used to determine whether specific vsa genes were capable of combining with the vsa expression site by vrs box-mediated, site-specific DNA inversion, as previously described (4). The Exp. (expression site) primer (o.6666) and the A, B, C, D, and E primers were previously described (4). The F, G, and H primers were designed from sequence data from the newly identified vsa genes. All primers and their sequences are catalogued in Table 1 . Each vsa primer along with the Exp. primer will amplify the target gene if the gene has recombined with the vsa expression site. PCR mixtures were subjected to 3 min at 94°C and 40 cycles of 1 min at 94°C, 1 min at 50°C, and 1 min at 72°C. PCR products from KD735-15 and CT templates were directly sequenced.
Southern analysis of vsa genes. Genomic DNA was digested with HindIII or NsiI, analyzed on 0.8% agarose gels, and blotted onto MagnaCharge nylon transfer membranes (Osmonics Inc.). The blots were probed with oligonucleotides or PCR products specific for particular vsa genes. Oligonucleotide probes consisted of the A and E primers and the repeat primers that are specific for the repeat regions of vsaB, vsaC, vsaD, vsaG, and vsaH (Table 1) . Oligonucleotide probes were labeled with 32 P using T4 polynucleotide kinase (Gibco BRL) for 60 min at 37°C. PCR products were labeled with 32 P by the random primer method. Hybridization with oligonucleotides was at 50°C, and washing conditions were as recommended by Ausubel et al. (2) . Hybridization with PCR products used stringent conditions as described previously (3) .
Nucleotide sequence accession number. The nucleotide sequences of the KD735-15 vsa locus (Fig. 1A) , the X1048 p93 gene (Fig. 1C) , and the CT L12 clone (Fig. 1D ) have been deposited in the GenBank database under the accession no. U23947, AF198036, and AF198037, respectively.
RESULTS
The vsa locus of KD735-15. Previously, we described a 10-kb region of the KD735-15 vsa locus that included one vsaA gene, one vsaB gene, two vsaC genes, one vsaD gene, two vsaE genes (one complete and one partial), and the 5Ј end of another gene designated lipA that was predicted to encode a lipoprotein. The current study began as an attempt to clone the complete sequence of the partial lipA and vsaE genes. A DNA fragment corresponding to the 5Ј-end region of vsaE was used to examine Southern blots of NsiI-digested KD735-15 genomic DNA, revealing a total of three vsaE genes (Fig. 2) . Using this vsaE fragment as a probe and other cloning methods described in Materials and Methods, a total of 10 genomic clones (ranging from 2.7 to 5.7 kb) containing vsa genes from KD735-15 were isolated and sequenced. Sequence analysis of these clones permitted the assembly of a single 20-kb vsa locus containing 11 vsa genes and lipA as diagrammed in Fig. 1A . The 20-kb locus contains five vsa genes not identified in the previously described 10-kb region of the vsa locus, and the GenBank accession no. for the 10-kb region (U23947) has been updated. This 20-kb locus probably contains most but perhaps not all of the vsa genes of KD735-15. Southern analyses with the A, B repeat, C repeat, D repeat, and E primers as probes confirmed that there are one vsaA gene, one vsaB gene, two vsaD genes, and three vsaE genes in KD735-15 (representative results are shown in Fig. 2 ). The vsaE3 gene has not been cloned in its entirety, and the presence of additional vsa genes cannot be excluded at this time.
There is a single vsa expression site (the region in Fig. 1A and B that is shaded in black) in the 20-kb contig. All vsa genes are transcriptionally silent except for the particular gene that is associated with the expression site, which in the case of KD735-15 is vsaA (4). The silent genes can recombine with the expression site by site-specific DNA inversion and, hence, become expressed (4) . Each of the vsa genes possesses at least one copy of the vrs box that serves as the recombination site for DNA inversion (4) . A comparison of the nucleotide sequences of the 11 vrs boxes identified in Fig. 1A reveals a high degree of nucleotide sequence similarity (Fig. 3) . Presumably, the vrs box is recognized by an as-yet-unidentified site-specific DNA recombinase that promotes inversions within the vsa locus.
Most of the vsa genes are highly repetitive, and extensive gene duplication must have occurred during the evolution of the locus. Downstream of the vrs box of most vsa genes is a highly reiterated sequence referred to as the tandem repeat domain. The vsaA, vsaB, and vsaF genes are distinct and encode proteins with unique tandem repeat domains (Fig. 4 and Table 2 ). In contrast, gene duplication is evident from the presence of three vsaC, three vsaE, and two vsaD genes in the 20-kb contig. The gene duplication(s) apparently occurred as a large block because the intergenic regions between the three sets of vsaC and -E genes are highly similar, as are the regions between the sets of vsaE and -D genes. The repeat units of the tandem repeat region of the three vsaC genes are nearly identical, but the number of repeat units per gene is variable. Similarly, the two vsaD genes have identical repeat units and differ only in respect to the number of repeats. The three vsaE genes exhibit the most divergence, and nucleotide differences among these genes aided in assembly of the vsa locus. It is not possible to be definitive about the structure of vsaE3 because the complete sequence of this gene has not been determined. The predicted VsaE1 protein lacks a tandem repeat domain, and in its place is predicted to be a long ␣-helical domain of about 160 amino acids (4). VsaE2 is predicted to contain 11 tandem copies of a 14-amino-acid repeat (Fig. 4) . The vsaE2 and -E3 genes share significant nucleotide similarity for over 700 nucleotides 3Ј of the end of each gene's coding region. A single nucleotide substitution in vsaE3 and a single nucleotide deletion in vsaE2 would substantially extend each ORF (by 705 nucleotides for vsaE2 and 711 nucleotides for vsaE3). Each of the extended gene products would have acquired a similar (95% amino acid identity) ␣-helical domain, as has VsaE1. The 20-kb vsa locus contains some ORFs that lack vrs boxes and by definition are not vsa genes. lipA is predicted to encode a lipoprotein (4) . p16 is predicted to encode a small basic protein of 16 kDa. Both lipA and p16 are preceded by a typical Shine-Dalgarno (SD) sequence upstream of an ATG start codon and have typical mycoplasmal codon usage (18) , indicating that these ORFs are likely to be functional genes. PSI-BLAST analysis indicated that the predicted lipA and p16 gene products had no significant database matches. In contrast to lipA and p16, the ORF p93⌬ is probably not a functional gene because it lacks an SD sequence and a typical start codon (ATG, GTG, or TTG).
Identification of a deletion in p93. Because features in the sequence of the 5Ј-end region of p93⌬ suggested that it may not be a functional gene, the nucleotide sequence was reexamined by directly sequencing PCR products containing this region. The primers used for this amplification were 57F2 and 57C3.8 (Table 1) . Using these primers and DNA from strains KD735-15 and 6510C as template, the sequence of p93⌬ was confirmed. However, a PCR product containing an additional 64 bp was obtained with DNA from strains 6510-vir, X1048, and 5782 as template (Fig. 5) . The frameshift that resulted from inclusion of these nucleotides in the gene sequence extended the ORFs 5Ј end (Fig. 1C) . The new ORF, p93, begins with an ATG start codon preceded by a strong SD sequence and is predicted to encode a 93-kDa protein. PSI-BLAST analysis failed to reveal a significant match between P93 and sequences deposited in the protein and nucleotide databases. Amino acids 5 through 28 from the N terminus of P93 are hydrophobic and may represent a signal peptide sequence or a transmembrane domain. The remaining portion of P93 is remarkably hydrophilic, leading to the prediction that P93 is a surface membrane protein. Strains 6510-vir (having an intact p93 gene) and 6510C (having p93⌬) both have the vsaA gene at the vsa expression site and are not known to have any genetic differences other than in p93. Preliminary data from experiments in progress indicate that 6510-vir is more virulent than 6510C in rats (N. Zou and K. Dybvig, unpublished data), but the genetic defect in the p93 gene of 6510C must be complemented before a definitive statement regarding the role of p93 in virulence can be made.
Comparison of vsa genes between strains KD735-15 and CT. Previously, CT was shown to have a homolog of the KD735-15 vsaA gene and also another vsa gene that was produced by cells displaying a hemadsorption-positive phenotype (33) . We refer to this second gene as vsaH. The ends of the inserts of numerous random clones from the CT DNA library were sequenced as part of an effort to initiate nucleotide sequencing of the complete CT genome. The resulting sequence data provided partial nucleotide sequences of the CT vsaA (confirming the previously described sequence of this gene), vsaC, and vsaE genes and the complete (confirmatory) sequence of vsaH. Clone L12 (Fig. 1D ) was isolated by screening the library with the vsaE probe. Sequence analysis of the L12 cloned insert revealed the complete nucleotide sequence of the CT vsaE and -G genes as well as another gene referred to as lipB. The nucleotide sequences of the vrs box of the CT and KD735-15 vsa genes are very similar (Fig. 3) . The tandem repeat regions of the CT VsaA and VsaC proteins have essentially the same predicted amino acid sequences as their counterparts in KD735-15. The CT VsaE protein is very similar (three amino acid differences) to the VsaE1 protein of KD735-15. The CT VsaG and VsaH proteins are predicted to have a tandem repeat region unlike any of the known KD735-15 proteins (Fig.  4) . LipB protein is predicted to be a lipoprotein with essentially the same signal peptide sequence as that of LipA from KD735-15, and the overall amino acid identity shared by these two proteins is 51% (calculated using the University of Wisconsin Genetics Computer Group program GAP). Southern hybridizations using oligonucleotides as probes were used to compare the vsa repertoire of KD735-15 and CT. Probes specific for each of the vsa genes confirmed that KD735-15 has the vsa genes vsaA to vsaF but not vsaG and vsaH. CT was found to have the vsa genes vsaA, -C, -E, -F, -G, and -H but lacked vsaB and -D. The results of representative Southern hybridization experiments are shown in Fig. 2 .
Identification of a 6-bp recombination site in the vrs box. A copy of the 34-bp vrs box is present in all vsa genes (Fig. 1A and  3 ). PCR analysis was used to assess whether specific vsa genes could undergo vrs box-mediated recombination with the vsa expression site. The strategy was to pair the expression site primer (Exp. primer) with individual primers (e.g., F primer) that were specific for each vsa gene (Table 1 and Fig. 1B ). If recombination with the expression site occurred, a PCR product of about 300 bp (the precise size being dependent on the particular vsa gene that was examined) would be obtained. In each case, the nucleotide sequence of the PCR product was determined to verify its identity. Using this strategy, we previously demonstrated that the vsa genes vsaA, -B, -C, -D, and -E were recombinogenic in KD735-15 (4). In the current study, we confirmed the earlier results with vsaA to vsaE and also found that vsaF can recombine with the expression site in strain KD735-15 as expected. Similarly, the vsa genes vsaA, -C, -E, -F, -G, and -H were found to be capable of undergoing vrs boxmediated recombination with the expression site in strain CT. PCR analysis failed to detect recombination involving the vsaB and -D genes in CT and the vsaG and -H genes in KD735-15, which is consistent with the Southern data indicating that vsaB and -D are absent in CT and vsaG and -H are absent in KD735-15.
It should perhaps be noted that vrs box-mediated DNA inversion can occur between vrs box copies that are oppositely oriented in the chromosome but not between copies that are oriented in the same direction. When the vsa locus is configured as illustrated in Fig. 1A , two DNA inversions are required for some vsa genes, e.g., vsaB, to recombine with the expression site. The first DNA inversion, e.g., inversion between vrsB and vrsD1, would serve to orient vsaB in the chromosome in FIG. 4 . Schematic diagram of the predicted Vsa proteins of KD735-15 (A) and CT (B). The first 242 amino acids (shaded box) of the Vsa proteins terminate within residues encoded by the vrs box. The tandem repeat domains of the variable carboxy terminus of each Vsa protein are indicated with the subscript denoting the number of repeat units. Charged amino acids are indicated by a ϩ or Ϫ above the amino acid. Amino acids in parentheses refer to heterogeneity in the repeat region. For example, the 16th amino acid of the VsaA repeat region is sometimes proline (P) and sometimes alanine (A), depending on the particular repeat unit. aa, amino acid. the opposite direction from the vsa expression site. A second DNA inversion could then incorporate vsaB into the expression site. Such double inversion events resulting in incorporation of vsaB into the expression site have been described previously (4).
Nucleotide polymorphisms in the vrs box sequences of the vsa genes were instrumental in identifying the site of strand exchange during DNA inversion. In both KD735-15 and CT, the 19th nucleotide of vrsA is G instead of the usual A and the 16th nucleotide of vrsF is T instead of C (Fig. 3) . When the Exp. primer and the F primer were paired to amplify the recombination product arising by DNA inversion between vrsA and vrsF, the sequence of the resulting PCR product (sequenced directly without cloning) revealed a mixed population (close to a 50:50 mixture) of T and C in the 16th position and a mixture of A and G in the 19th position (Fig. 6A) . This heterogeneity in the vrs box sequence did not exist prior to the recombination event. When vrsA was PCR amplified using the Exp. primer and the A primer, the 16th and 19th nucleotides of the PCR product were C and G, respectively, with no indication of a subpopulation having T and A at these respective positions. Similarly, when vrsF was PCR amplified, the sequence of the resulting PCR product had T and A at the 16th and 19th nucleotide positions, respectively, with no indication of a C and a G at these positions, respectively. The C/T (16th position) and G/A (19th position) heterogeneity exhibited by sequence analysis of the vrsA-vrsF recombination product was reproducible (observed in four independent experiments). To confirm the C/T heterogeneity, the PCR product containing the vrsA-vrsF recombination product from KD735-15 was cloned. Sequence analysis of multiple clones revealed that some clones had T and A at the 16th and 19th positions, respectively, and other clones had C and G, respectively (Fig.  6B) . PCR and sequence analysis of several recombination products arising from rearrangements between vrsA and other vrs boxes also revealed G/A heterogeneity at the 19th nucleotide. The vsaH gene in CT has a G instead of an A at the 14th nucleotide, and this G nucleotide was found to be retained by vsaH even after vrsH recombined with the expression site. Therefore, strand exchange leading to DNA inversion must have occurred 5Ј of the G. Collectively, these data suggest that the six bases at positions 14 to 19 are involved in strand exchange.
The PCR products described above arose from genuine recombination events and were not artifacts resulting from annealing of incomplete amplicons at the homologous vrs sequences. Artifactual PCR products that were the result of annealing at vrs sequences were generated as follows. A DNA template was prepared that contained a single vrs box, vrsA, and a second DNA template was prepared that contained a single vrs box, vrsF. These two DNAs were mixed and used as template for PCR amplification using the Exp. primer and the F primer. Because the Exp. primer could bind only to the template containing vrsA and the F primer could bind only to FIG. 5 . Agarose gel analysis of the PCR products obtained by amplification of the region containing the 5Ј end of p93⌬, revealing that the p93⌬ gene of 6510C is 64 bp shorter than p93 from UAB 5782, 6510-vir, and X1048. b For the large proteins VsaA, VsaB, and VsaC1, the number of repeats was estimated by sizing pertinent restriction fragments and PCR products by agarose gel electrophoresis, as described previously (4) . For the other proteins, the number of repeats was determined directly by sequence analysis of the corresponding vsa gene.
c -, the protein lacks a tandem repeat domain.
the template containing vrsF, any resulting PCR product would be artifactual. By using a high level of template concentration and a high number of amplification cycles, artifactual PCR products were obtained. The nucleotide sequence of these products revealed polymorphisms in the vrs box sequence at positions 33, 42, 44, and 46 (data not shown), as would be expected from products generated by annealing of incomplete amplicons at vrs sequences. These sequence polymorphisms were not observed in the PCR products obtained by amplification of genomic DNA to detect recombination products, indicating that the recombination products were indeed not artifacts.
DISCUSSION
Phase-variable surface proteins with repetitive domains are common in mycoplasmas. Although their function(s) is often unknown, many of these proteins are thought to be adhesins or involved with other host-mycoplasma interactions (9, 22, 27, 28, 36, 42) . The V-1 proteins of M. pulmonis, encoded by the vsa genes, influence several properties of the mycoplasma. Colonies of CT that produce VsaA are hemadsorption negative whereas CT colonies producing VsaH are hemadsorption positive (33) , indicating that the Vsa proteins may influence ligand binding properties. KD735-15 cells that produce VsaA are susceptible to infection by mycoplasma virus P1, but cells producing VsaB are virus resistant (15) . VsaA may be the phage receptor, or perhaps, VsaB interferes with the binding of P1 to its receptor. The growth properties of M. pulmonis are also affected by the Vsa proteins. KD735-15 and CT cells producing VsaA proteins with a high number of tandem repeat units have a growth advantage in broth but a growth disadvantage on agar compared to cells having VsaA proteins with fewer repeat units (16) . The issue of how the number of repeat units would measurably affect cell growth is intriguing. The ability of the Vsa proteins to modulate interactions between the mycoplasma and the environment and the ability of M. pulmonis to colonize and cause disease on numerous epithelial surfaces suggest the possibility that Vsa protein variation may have a role in tissue tropism.
For the most part, the mechanisms of surface protein variation in mycoplasmas are poorly understood. In Mycoplasma hyorhinis, variation in the Vlp (variable lipoprotein) surface proteins results from high-frequency changes in the length of a poly(A) sequence that is located upstream of each vlp gene's transcription start site (41) . The mechanism by which the length of the poly(A) sequence affects vlp gene transcription is unknown. In Mycoplasma pneumoniae and Mycoplasma genitalium, there is evidence supporting the contention that some surface protein genes can vary by DNA recombination with repetitive elements scattered around the mycoplasma chromosome (23, 29, 30) . DNA rearrangements involving these repetitive elements have not been well characterized but may resemble gene conversion. In Mycoplasma gallisepticum, the phase-variable expression of members of the pMGA gene family is apparently controlled by the length of the trinucleotide GAA tandem repeat region located upstream of each gene's transcription start site (20, 25) . The mechanism by which the GAA repeats influence pMGA gene expression is unknown. The vsp genes of Mycoplasma bovis vary by DNA rearrange- FIG. 7 . Model of site-specific vsa gene rearrangements leading to nucleotide variation in vrs box sequences. A staggered DNA cleavage reaction leads to strand exchange involving mismatched nucleotides that are resolved either by mismatch repair or by DNA replication followed by segregation into daughter cells. ments that have not been well characterized (26) . The vsa locus of M. pulmonis is probably the best-understood DNA rearrangement system in mycoplasmas. Site-specific DNA inversions regulating expression of the vsa genes occur by recombination between copies of the vrs box sequence. In the current study, a specific 6-nucleotide segment (Fig. 3, nucleotides 14 to  19 ) of the vrs box was identified as central to the recombination events.
We propose a model (Fig. 7) using recombination between vrsA and vrsF as an example to account for the observed heterogeneity in the sequence of the vsa recombination products obtained by PCR amplification. The model proposes a crossover event involving a staggered cleavage reaction centering on the six nucleotides at positions 14 to 19 of the vrs box. Recombination results in mismatched nucleotides (explaining the sequence heterogeneity of the PCR products) that may be resolved by either mismatch repair or DNA replication followed by segregation into daughter cells. The integrase and Tn3 resolvase families of site-specific recombinases catalyze reactions involving breakage sites having six-to eight-base 5Ј overhangs and two-base 3Ј overhangs, respectively (34) . Because at least six nucleotides of the vrs box are apparently involved with strand breakage, we predict that the putative site-specific recombinase that promotes vrs box-mediated DNA inversion is a member of the integrase family.
Variation in positions 14, 16, and 19 of the vrs box may have important phenotypic consequences. When the 16th nucleotide at the expression site is C, the CAA codon at positions 16 to 18 encodes glutamine (Fig. 3) . When the 16th nucleotide is replaced by T, an in-frame TAA stop codon is formed that would result in a truncated Vsa protein. Thus, C/T variation at the 16th position would determine the phase-variable production of the Vsa repeat region. G/A variation at the 19th nucleotide of the vrs box switches the codon from GGT (glycine) to AGT (serine). Similarly, A/G variation at the 14th position switches the codon from GAA (glutamic acid) to GGA (glycine). Growth conditions and host defenses may, therefore, apply selective pressure on the cell population to maintain certain nucleotides at vrs box positions 14 to 19.
Strains of M. pulmonis tend to lose virulence when propagated in culture. Virulence can usually be reacquired by infection of rats or mice followed by isolation of mycoplasmas from infected tissues. For example, strain UAB T was originally isolated from mouse lung but lost virulence after passage in mycoplasmal growth medium. The relatively avirulent UAB T strain was used to inoculate mice, and the virulent CT strain was isolated from the lung of one of the infected animals (13) . A comparison of the proteins of UAB T and CT revealed no differences other than the V-1 protein profile (37) . We propose that, during growth in culture, the vsa locus is not under selective pressure to maintain a particular gene configuration and the vsa tandem repeat regions freely undergo expansion and construction, resulting in genes of sizes that are suboptimal for animal infection. After inoculation into the animal host, selective pressure is restored and virulent subpopulations of M. pulmonis cells that can produce the appropriate type(s) of Vsa proteins of the correct size for colonization can be recovered from infected tissue. In culture, there is no selective pressure to maintain genes that are important for virulence but not for growth. Such genes may be rendered inactive due to spontaneous mutation. An example may be p93, which has apparently undergone a 64-bp deletion in strain 6510C. Although it has not yet been shown that the deletion in p93 was associated with loss of virulence, the chromosomal location of p93 in the middle of the vsa locus is interesting and suggests that P93 may function in mycoplasma-host cell interactions.
